Abstract. In the running process of high power motor, the shaft voltage and bearing current are sometimes present. Under the combined action of the current and the mechanical load, the corrugated groove is formed on the bearing race. The paper analyzed the causes, forms and characteristics of the early current damage of bearing, studied the relationship between the number of shaft current size and bearing pitting attack damage, presented the theoretical calculation method of the corrugated groove, got the change rule of the corrugated groove spacing with the change of the motor speed and the mechanical load. The experimental results are in agreement with the theoretical analysis, the measurement value of corrugated groove average spacing is very close to its theoretical value, and the average deviation is less than 10 %.
Introduction
Bearing damage generally have three ways that thermal damage, force damage and electrical damage. According to the literature statistics [1] , 25 % of the bearing damage is caused by the current. Current research on current mostly from the actual production, and summarize the cause, harm and suppressive measures of current [2] [3] [4] [5] . Some scholars have studied the mechanism of shaft voltage and current for specific generators and motors. Zika Thomas analyzed the causes and effects of parasitic currents in asynchronous motors, and discussed the latest research results on the general electrical performance and bearing damage of bearings [6] . William Liu et al. analyzed the EDM, wrinkling and its characterization methods caused by bearing current [7] . A. Picot think that high frequency current through the bearings lead to premature failure of the bearing, proposed the Welch cycle statistical method based on a stator current [8] . However, there are few studies on the damage mechanism, damage form and rule of bearing current, and for high-power motors such as wind turbines, bearing current damage has become the main form of mechanical damage, which needs to be studied deeply.
Early current damage analysis of motor bearings
Considering the electrical characteristics of the bearing, the pitting caused by current damage is related to the size of the current, voltage threshold of the oil film and the Hertz contact area. The relationship between the bearing equivalent resistance [9] and the number of pitting is shown in Eq. (1):
According to the physical relationship among the voltage threshold of the bearing lubricating oil film, the equivalent resistance of the bearing and the bearing current , the number of the pitting of bearing current damage can be inferred from Eq. (2): ,
where the is shown in Eq. (3):
Assume that the motor speed is 1500 rpm, electrical conductivity is 1.0×10 -7 Ω·m, the voltage threshold of breakdown oil film is 5 / , bearing contact type parameter is point contact, 0.5 [10] . When bearing type is selected 6205EKA, we can obtain the Hertz contact area according to the calculation references [11] , the contact area on the inner raceway is 1.17 mm 2 and the contact area on the outer raceway is 1.53 mm 2 . Substituting these parameters into Eq. (2), the number of the damage pitting on bearing raceway varies with the magnitude of current which can be obtained as shown in Fig. 1 . From Fig. 1 , it can be seen that the number of pitting on the bearing race increases as the number of current bearing discharges increases, and the number of pitting on the inner race is relatively large. As the motor runs for a long time and the constant action of load, the bearing's lubricating oil film will gradually be destroyed and the electrochemical corrosion of the bearing race surface will continue to intensify, which may eventually result in mechanical damage and failure of the bearing.
Spacing calculation and analysis of corrugated groove on the bearing raceway
From microscopic perspective, in the machining process about bearings, due to change in the vibration frequency of the machine, the bearings have a certain degree of waviness. The waviness of the bearing race surface will affect the thickness of the bearing oil film [12] , the corrugated part of the oil film will become thinner, when the shaft voltage breakthrough film threshold voltage, the bearing current will be generated. At the same time, because the rolling elements have a certain axial oscillation, the waviness will continue to expand along the width of the raceway, the constant action of the current and mechanical load on the bearing raceway, finally, washboard corrugated groove will be formed on the surface of bearing's raceway.
According to reference [13] [14] [15] [16] [17] , the bearing corrugated spacing is related to the magnitude and frequency of current discharge, the number of rolling elements on the load area, the rotary frequency and relative size parameters of bearings. the spacing of corrugated groove and on the bearing inner raceway and outer ring raceway can be expressed by the number of similar corrugated grooves and and the length of the corrugated groove are and on the raceway, which is as shown in Eq. (4):
In the rotation of the motor bearing, you can describe the corrugated spacing by using arc length of raceway in the bearing load area of rolling elements with every rotation. Because the rolling elements and the raceway closely interact with each other, , , , are:
, ,
here, is the coefficient of bearing [14] , 1 for deep groove ball bearings; is the number of rolling elements; is the number of loading position, 1 when load is only radial; the rotary frequency of rolling elements :
Substituting Eq. (5), Eq. (6) and Eq. (7) into Eq. (4), the spacing of corrugated groove and on the bearing inner and outer raceway are as shown in Eq. (8):
If the motor bearing type is 6205EKA deep groove ball bearings, the motor speed range change in the range of 1200-1800 rpm, we can get the distribution of corrugated grooves on the bearing raceway. As shown in Fig. 2 , when the load of the motor is constant, the spacing of corrugated groove decreases gradually with the increase of the motor speed, and when the speed of the motor is constant, this spacing decrease with the increase of the load. In either case, corrugation spacing on the outer raceway is greater than the spacing on the inner raceway, which is due to the Hertz contact area on outer raceway is relatively large. Contact area is large, the number of corrugations on the raceway is small, so the ripple spacing is large.
a) The rotary speed b) Radial load of motor Fig. 3 . The spacing of corrugated groove change rule with the rotary speed and radial load of motor
Experiment on damage mechanism of bearing current
The simulation test device is shown in Fig. 4 , device is driven by variable frequency motor, rotating spindle and motor selection are connected by an insulated coupling, the spindle is supported by ceramic bearings, circuit loop is formed among DC switching power, ring carbon brush and test bearing, the bearing current is generated and switched by controlling the DC switching power supply voltage. In Fig. 5 , the bearing has a pitting damage on the inner race Fig. 5(a) and outer race Fig. 5(b) after 10 hours of mechanical load and bearing current, and after 50 hours, evolve into corrugated groove in Fig. 6 . Table 1 shows the damage results of the bearing after running 50 hours under the combined action of load and shaft current. The main purpose is to analysis corrugated spacing on the bearing outer and inner race. It is seen from Table 1 that average deviation of spacing of the corrugated groove between actual measured values and theoretical calculated values are less than 10 %, average deviation of inner raceway is from 3.3 % to 10 %, average deviation of outer raceway is from 2.1 % to 9.5 %. Where in different rotary speed of motor, average deviation of inner raceway is from 3.3 % to 8.3 %, average deviation of outer raceway is from 2.1 % to 5.6 %, the average deviation of the inner ring is larger by comparing them, and the average deviation is greatest at rated speed. In different radial load, average deviation of inner raceway is from 6.8 % to 10 %, average deviation of outer raceway is from 5.7 % to 9.5 %, the average deviation of the inner ring is also larger by comparing them, And the larger the load, the greater the average deviation. Compared with the rotary speed of motor and the radial load, the load has a greater impact on its deviation, indicating that the mechanical load has greater impact on the bearing current damage.
Conclusions
This paper studies the current damage mechanism of high power motor bearings, deduces the theoretical calculation formula of the spacing of corrugated grooves, finds the damage form and evolution rule of the bearing current under different working conditions, and experiment verifies the theoretical analysis result.
